The phase transition of VO2 was examined by the X-ray method for the single-crystal whiskers of VO2.00 and VO2.07. Attention was directed mainly towards the different behaviour in the different specimens at the premonitory stage of the monoclinic-tetragonal transition. Appearance of a triclinic twin at this stage in VO2.07 indicated a larger d~gree of monoclinic distortion than in VO2.00.
Introduction
In recent years, compounds which show metallic characteristics and/or metal-insulator transitions have been found; one of the best known among them is vanadium dioxide which exhibits a semiconductormetal transition at about 70°C.
Various attempts have been made to understand the mechanisms of transition and electrical conduction, based mainly on either a narrow or a broader d-band model (Adler & Brooks, 1967; Adler, 1968; Berglund & Guggenheim, 1969) . Because of uncertainty about the chemical compositions of the specimens used in these investigations, however, divergent and occasionally conflicting experimental observations have emphasized different aspects of the mechanism. On the other hand, common features of the transition, as observed in these experiments, are the crystal distortion from a tetragonal to a monoclinic symmetry and the nonexistence of the magnetic ordering in the low-temperature monoclinic phase. Moreover, the conductivity behaviours of the tetragonal metallic phase are nearly the same for several different specimens, while large differences are observed among the specimens in the semiconducting monoclinic phase. This suggests that the non-stoichiometry of the specimen has a strong influence on the physical properties of the monoclinic phase, and detailed crystallographic investigations are warranted.
In the present investigations, attempts were made to elucidate the crystallographic behaviour throughout the transition of the single crystals which were wellcharacterized in terms of the chemical composition. Emphasis has especially been placed on the different behaviour among the different specimens at the premonitory stage of the monoclinic-tetragonal transition.
Experimental
The specimens used in the present investigations were synthesized under controlled oxygen partial pressures at 1500°K. Details of synthesis and the electrical conductivity of these specimens have been described in a previous paper (Kimizuka, Saeki & Nakahira, 1970) . Much of the present work was done with the single-crystal whiskers of VO2.00 and VOz.07. These chemical compositions represent both ends of the homogeneity range of VO2 at 1500°K. Powder diffractometry with a heating device and differential thermal analyses were also carried out with whiskers of the same compositions, and the interpretation of results was based on single-crystal work. In the present report results of the single-crystal work are given together with some of the results on the powdered specimens. The procedures taken throughout the singlecrystal examinations were as follows:
The specimen was set on the top of a thin chromelalumel thermocouple with a small ceramic holder attached to a goniometer head. The ceramic holder was then heated with a chromel wire wound around it as shown schematically in Fig. 1 . Heating and cooling cycles were repeated from the room temperature to about 90°C.
At room temperature and temperatures where a different phase appeared, a series of Weissenberg photographs was taken with Cu Ke radiation by the multifilm method, the zeroth to fourth layers corresponding to the Okl to 4kl layers of the monoclinic phase. At several intermediate temperatures, oscillation photographs within a fixed angular range were taken to check the appearance of a different phase. The temperature was kept constant within _+ 4°C.
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Results
VO2.07" Prior to heat treatment, all the VO2.07 crystals exhibited twinning as shown in Fig. 2 , resulting in a pseudo-orthorhombic appearance. Careful examination, however, revealed the monoclinic symmetry of these crystals. A series of the diagramatic represen' rations of the cells appearing in the course of the heat treatment is given in Fig. 3 . (a) Weissenberg photographs around the elongation axis of a whisker at room temperature exhibited a monoclinic symmetry of the space group P21 with the elongation axis being the a axis of a monoclinic cell. In Fig. 3 (a) only one component of the twin is illustrated.
(b) At about 70 +_ 4 °C in an oscillation photograph, discernible splitting of the reflexions took place which suggested the appearance of a new structure prior to the transition to a tetragonal symmetry. In the Weissenberg photographs taken at about 73 + 2°C, all the reflexions except those of the k=0 or /=0 zone showed remarkable splitting, indicating at least a fourfold twinning of triclinic cells. Each part of the twin had the y angle very close to 90 d [Fig. 3(b) ]. Part of the splitting is shown in Fig. 4 .
(c) The Weissenberg photographs of the specimen cooled down from this stage to room temperature showed a twinning composed of two monoclinic cells in ninety degree orientation as shown in Fig. 3(c) . This orientation differs from that of the starting crystal.
(d) The specimen was then heated up to about 80_+ 4°C where the photographs showed a tetragonal symmetry, the rotation axis being the c axis of a tetragonal cell [ Fig. 3(d) ].
(e) Upon cooling to the room temperature, the specimen transformed to the monoclinic phase via the triclinic twinning (b). This phase showed the same twinning as in (c) VO2.00: All of the crystals at room temperature showed twinning with a ninety degree mutual orientation the same as the one shown in Fig. 3(c) . A characteristic of the thermal behaviour of the specimen is the non-existence of the premonitory triclinic domains observed in VO2.07. Presumably at the premonitory stage to the tetragonal phase, repetition of the original twinning may have been increased. Upon cooling from the tetragonal phase to the monoclinic one, i.e., to room temperature, the specimen showed the same twinning with the ninety degree orientation as in the starting crystal. The starting temperatures of the transition were about 68 °C for VO2.07 and about 63 °C for VO2.00 as revealed by measurement of the electrical conductivity (see Kimizuka et al., 1970) . The former crystal showed a hysteresis of a few degrees upon cooling, while the latter was supercooled to almost room temperature. The electrical conductivity of the triclinic domains was similar to that of the monoclinic phase. In Table 1 the results of the single-crystal work are summarized.
The lattice constants of the triclinic cells, measured from the Weissenberg photographs, were estimated as follows:
a=5"71a, b=4"49s, c=5"35s A; ~=88°26 ', fl=122°50 ', 7=90018 ' . II: a=5"734, b=4"497, c=5"351 A; ~=91°22 ', fl=122°41 ', 7=90016 ' .
Two slightly different°lattices (I and II in the above) constitute one side of the twin and. the other side is oriented to the former at ninety degrees as shown in Fig. 3(b) .
The axial relations between the tetragonal and the monoclinic cells are given below and their schematic representation is illustrated in Fig. 5 .
The lattice parameters of the monoclinic phase at room temperature and of the tetragonal phase at 85 °C were estimated from the powder diffractometry and summarized in Table 2 . As can be recognized in Fig. 5 , the deviation from the tetragonality of the monoclinic cell can be represented by two kinds of parameters: one is the 0-angle as shown in Fig. 5 and the other the projection of the monoclinic c value on the tetragonal basal plane in comparison with the monoclinic b value, i.e. bm×cm, proj" These values are also included in Table 2 .
Because of the low symmetry of the semiconducting monoclinic phase, the measurement is not so reliable, but it seems to indicate an increased deviation from the tetragonality for the non-stoichiometric VO2.07.
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Some considerations
It has widely been observed that quite a few kinds of crystals exhibit twinning premonitory to their transition to the high-temperature phases, and the phenomena have been interpreted as being a release of the strains caused by the increased anharmonicity in the lattice vibrations as the temperature is increased (see, for instance, Ubbelohde, 1956 Ubbelohde, , 1960 . VO2 is not the exception.
Mitsuishi (1967) observed a metastable triclinic phase in some of the doped VO2 crystals. Since his experiments were with powdered specimens, however, the complication of the triclinic twinning was not revealed. The major consequence of the present experiments is that the behaviour at the premonitory stage of transition is quite different for the stoichiometric VO2.00 and the non-stoichiometric VO2.07. In the latter, the complicated triclinic twinning at this stage suggests that the original crystal involves a larger degree of monoclinic distortion compared with that of the stoichiometric one. This does not seem unreasonable. Judging from the homogeneity range of VO2, non-stoichiometry is caused by the removal of some V 4+ ions from the lattice with a concomitant creation of the V 5÷ ions, in order to keep the electrical neutrality of the crystal, i.e. V4+-->Dv4++4VS+-1-4e. Distribution of these vacancy-V 5÷ pairs (possible electron traps) increases the monoclinic distortion and also influences the spectrum of lattice vibrational frequencies, resulting in the difference in the premonitory behaviour according to the stoichiometry of the specimen. As has been suggested by Paul (1970) , the spectrum is virtually dependent on the distribution of d-electron charge near the vanadium ions.
Since very little has been known so far about the lattice vibration and the change of the mode frequencies in the transition, nothing can be said definitely about the driving force of the transition as well as the transport mechanism. However, accumulation of the experimental data, especially those of Berglund & Jayaraman (1969) , Berglund & Guggenheim (1969) and Kennedy & Mackenzie (1969) seems to suggest that the transition is not of an electronic origin but a lattice-dominated one.
The tetragonal phase of VOz has the futile structure in which the V 4÷ ions form a body-centred tetragonal array. They are in octahedral sites that share common edges along the c axis, resulting in the formation of collinear V-V chains running along the c axis. Below the transition temperature the V 4+ ions move together in pairs: they are no longer collinear. The axes of the vanadium pairs are tilted with respect to the tetragonal c axis with the result that the chains of the V 4÷ ions sharing the octahedral edges along the tetragonal c axis have alternating short (within a pair) and long (between the pairs-) V-V separations. The unit cell doubles in size and a considerable distortion of the shape of unit cell occurs.
In order to explain the metallic characteristics of the tetragonal phase, two different aspects have mainly been proposed (Goodenough, 1960; Adler & Brooks, 1967; Berglund & Guggenheim, 1969) . The
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VO2.oo V02-o7 * Based on the tetragonal cell, major difference between them is that one is based on a narrow sublattice d band (V-V) neglecting the cation-anion-cation interactions, and the other implies a wider band due to a large degree of hybridization between the oxygen 2p and vanadium 3d orbitals. Whichever it may be, the doubling in size of the unit cell from the tetragonal to the monoclinic symmetries results in a reduction by one-half of the size of the Brillouin zone and the opening of an energy gap. The energy gap is a function of the monoclinic distortion, and as described in the previous section, this distortion seems larger in the non-stoichiometric VO2.07 than in VOz.00. Although little can be said about the transport mechanism in the low-temperature phase because of the lack of knowledge regarding the details of the nature of the defects involved, the experimental data with specimens of well-characterized chemical composition (see, for instance, Kimizuka et al., 1970) strongly suggest that the degree of monoclinic distortion has an essential bearing on the transport behaviour of vanadium dioxide. Precise measurement of the lattice parameters of the low-temperature phase is needed as well as further investigations of the lattice vibrational spectra throughout the low-and hightemperature phases.
Introduction
In this paper, we consider light scattering or smallangle X-ray scattering from a model system which consists of a random arrangement of homogeneous phases, each characterized by a different refractive index (or dielectric constant) for scattering of visible light, or electron density for scattering of X-rays. We will derive the form of the scattering function and show how parameters in this function are related to parameters characterizing the system. The parameters of the system are the volume fractions ~0~ (i= 1,...,N), (Y.~h= 1), of the various phases and the areas of the various interphase surfaces Surf= 1,...,N; j= 1 .... , i-1). The two-phase problem has previously been solved by Debye, Anderson & Brumberger (1957) , and our method is an extension of theirs. Some work on the three-phase problem was done by Peterlin (1965) relatively recently. The model with N= 3 may be applicable to scattering from certain polymers, in which the three phases correspond to crystalline regions, amorphous regions, and interstices possibly containing an imbibition liquid (Peterlin, 1965; Coalson, Marchessault & Peterlin, 1966; Beebe, Coalson & Marchessault, 1966; Beebe, 1964; Coalson, 1968 ). The dielectric constants or electron densities of these regions may be assumed known, while the volume fractions are calculable from the swelling ratio and degree of crystallinity. Another possible application is to porous catalysts, in which regions of one phase as well as empty pores (second phase) are present in a matrix.
The scattering of light is due to fluctuations in dielectric constant within the medium, the scattering of
